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polyacrylamide gel electrophoresis for all except the K-236-*Q mutation. One of the mutations, K-236-->S, completely abolishes the ability of the protein to promote cellular fusion when coexpressed with the fusion protein. The latter cannot be explained by a decrease in the relative hemadsorption activity of the protein and suggests that the globular head of the protein may contribute to this process beyond providing receptor recognition.
The paramyxoviruses are a group of enveloped, negativestranded, RNA-containing viruses that includes mumps virus, Newcastle disease virus (NDV) and the parainfluenza viruses (including Sendai virus, parainfluenza virus 3, and simian virus 5) (18) . Virions are characterized by the presence of two types of spikes protruding from the virion envelope. These are the hemagglutinin-neuraminidase (HN) and fusion (F) glycoprotein spikes. HN is responsible for the apparently opposite functions of attachment to sialic acid-containing cellular receptors and release from the same moiety, catalyzed by the neuraminidase (NA) activity associated with the protein (4) . Following exposure of a hydrophobic sequence by proteolytic cleavage, the F protein mediates both virus-cell and cell-cell fusion (9, 25) .
For many paramyxoviruses, including NDV, membrane fusion also requires the participation of the HN spike (8, 19, 22) . The most obvious contribution of HN to the fusion process is its ability to mediate attachment to cellular receptors. Consistent with this requirement is the demonstration that mutations in HN that influence the strength of its interaction with cellular receptors also influence the extent of syncytium formation (12) . In addition to its receptor recognition properties, the requirement for HN in fusion apparently also involves a virus-specific interaction with the F protein spike (10) .
The structure of HN has not been elucidated. However, the three-dimensional structures of several influenza virus NAs have been determined (1, 3, 6, (32) (33) (34) . All exhibit the same folding pattern, six 1-sheets, each composed of four antiparallel strands, a motif commonly referred to as the ,3-sheet propeller.
Jorgensen et al. (17) made the initial observation that a region of the HN glycoprotein of paramyxoviruses might have some homology with the influenza virus protein. HN residues 212 to 303 were predicted to correspond, at the level of secondary structure, to two of the 13-sheets of the influenza virus NA. One domain in particular, the sequence NRKSCS at residues 234 to 239 in NDV's HN, was predicted to be closest to the sialic acid binding site in the three-dimensional structure of the protein. This hexapeptide is also the longest linear stretch of amino acids that is totally conserved among the HN proteins of all the paramyxoviruses (23 MATERIALS AND METHODS Site-directed mutagenesis and expression of the mutated proteins in COS-7 cells. The construction of the expression vector SVL-HN and the protocols for the introduction of site-directed mutations into the HN gene by using mismatched oligonucleotides (Oligos, Etc., Inc., Wilsonville, Oreg.), the preparation of plasmid DNA, and the maintenance of COS-7 cells (American Type Culture Collection, Rockville, Md.) have all been described previously (28) . The wild-type (wt) and mutated HN proteins were expressed from SVL-HN vectors transfected into the cells by the DEAE-dextran method (21 subtracted, and the data were corrected for differences in transfection efficiency.
NA assay. The NA activities of the mutated proteins expressed at the surface of transfected cells were determined as described previously (28) . After subtraction of the background absorbance obtained with vector alone, the data were corrected for differences in the amount of HN expressed at the surface of the monolayer. Thus, the data shown represent the specific NA activity.
Fusion assay. 1A) . Many of the mutations that resulted in reduced amounts of HN at the cell surface, e.g., N-234-*D, S-239-*A, and, especially, S-237->T, resulted in mutant proteins that are also immunoprecipitated from cell lysates in smaller amounts than the wt protein is. Most of the mutated HN proteins that were immunoprecipitated by the mixture of MAbs migrate at the same rate as the wt protein. This includes the R-235---L-mutated HN (data not shown). However, three of the mutations, N-234-->Y, K-236--->E, and K-236-->S, result in proteins that migrate at a slower rate in SDS-PAGE (Fig. 1A) . To determine whether the slower migration rate of any of these proteins is due to differential utilization of a glycosylation site or sites in the protein, immunoprecipitates from cells expressing each mutated protein were digested with PNGase F. This glycosidase cleaves the N-glycan linkage between asparagine and the carbohydrate chain (30) . Figure 1B shows that, even after digestion with PNGase F, the K-236---E-and K-236--->S-mutated proteins still migrate in the gel at a slower rate than the wt protein. Similar results were obtained with N-234--Ymutated HN (data not shown). This indicates that the slower migration rate of the mutated proteins is not attributable to a change in the glycosylation pattern of the protein. This is especially important with respect to the K-236-->S-mutated protein because this substitution adds a potential N-linked glycosylation site at residues 234-NRS-236, which is apparently not utilized.
All four of the mutated proteins (R-235--*E, R-235-->Q, S-239--I, and S-239->N [ cell lysates (Fig. 1A) . The simplest explanation for this finding is that the presence of these substitutions may interfere with the proper folding of the protein, although this has not formally been proven. These mutated proteins were not characterized further.
Specific NA activity of the mutated proteins. The specific NA activity of the mutated proteins expressed at the surface of COS cells was determined (Fig. 2) . Substitutions at the N and K residues in the domain result in the lowest specific NA activities. Both N-234-sQ and N-234-Y substitutions result in proteins having only about 3% of the wt specific NA activity. The most severe reduction in specific activity was observed with cells expressing the K-236-->E-mutated protein. This protein is transported to the cell surface at 95% of the wt level (Table 1) yet has less than 1% of its NA activity (Fig. 2) of K-236-->Q and K-236-->S still result in very low activity, 2.0 and 4.3% of that of the wt, respectively.
Of the three substitutions that were introduced for R-235, only R-235-L resulted in a protein that could be detected by the panel of MAbs (Table 1, Fig. 1A , and data not shown). The R-235->L-mutated protein has markedly reduced specific NA activity (13.8% of that of the wt).
Substitution for the two serine residues on either side of the conserved cysteine gave quite different results. Both the S-237->A and S-237->T mutations severely impaired the specific NA activity of the protein, both exhibiting <20% of the wt specific activity (Fig. 2) . However, mutation of the second serine in the domain at position 239 had comparatively little effect on NA activity. An S-239->A substitution at this position has no detectable effect on specific NA activity, indicating that the presence of a hydroxyl group at this position is not a requirement for NA activity. Indeed, introduction of the slightly larger, hydroxyl-containing threonine side group in this position results in a 40% reduction in activity. S-239-> and S-239---N substitutions apparently result in the formation of misfolded forms of the protein. These results suggest that this residue may be more important for the proper folding of HN than for its catalytic activity.
Hemadsorption properties of the mutated proteins. The receptor recognition properties of the mutated proteins expressed at the surface of COS cells were evaluated by assaying their ability to adsorb chicken erythrocytes. While most of the mutated proteins show various degrees of reduction in hemadsorption activity, only two are markedly lower than 50% of the wt level, N-234->Y (18.0%) and K-236->Q (37.6%) (Fig. 2) . Thus, there does not appear to be a direct correlation between the effects of mutations in the NRKSCS domain on the sialidase and receptor recognition activities of HN.
Recognition of the mutated proteins by a panel of conformation-specific MAbs. To probe the effect of mutations in the NRKSCS conserved domain on the antigenic structure of HN, the ability of MAbs to each of six conformational antigenic sites on HN (sites 1, 2, 3, 4, 12, and 23) to recognize several of the mutated proteins was determined by FACS analysis. For each mutated protein, the data shown in Table 2 (16) .
The only conformation-specific antibody that shows more than a 50% reduction in binding to any of the mutated HN proteins is the one to antigenic site 23 . Four of the mutated proteins are recognized only about 25% as efficiently by this antibody as they are by the one that recognizes a linear epitope. There is a correlation between this property and the altered migration of the protein in SDS-PAGE. Three of the four proteins weakly recognized by the site 23 MAb, the N-234->Y-, K-236->E-, and K-236-->S-mutated HN proteins, are those that exhibited slower migration rates by SDS-PAGE. Only one, K-236-->Q, comigrated with the wt protein by SDS-PAGE (Fig. 1A) .
Ability of the mutated proteins to promote cellular fusion when coexpressed with the F protein. Next proteins and wt F with the average number of nuclei per syncytium in those expressing the wt forms of both proteins (Fig. 4) . Most in the promotion of fusion. They induced the formation of syncytia that had, on average, at least 85% of the number of nuclei in syncytia induced by wt HN and F. This includes the N-234->D-, N-234--Q-, R-235--L-, K-236-->Q-, S-237--A-, S-239->A-, and S-239-4T-mutated proteins (Fig. 4) .
Four of the mutated HN proteins show a diminished capacity to complement the F protein in the promotion of fusion. Three promote the formation of syncytia which, on average, have less than 50% of the number of nuclei in syncytia formed in monolayers expressing wt HN. These include N-234-*Y (31.1%), K-236---E (43.3%), and S-237--T (48.8%).
One substitution, K-236--S, results in a protein that fails to promote syncytia containing more than three nuclei when coexpressed with F protein (Fig. 4) . This is clearly not entirely due to a defect in transport of the protein to the cell surface (79.2% of that of the wt [ Table 1] ). Several proteins which are transported at even lower relative efficiencies (Table 1) promote syncytium formation quite effectively (Fig.  4) .
Similarly, the failure of the K-236->S-mutated protein to promote fusion is also not due solely to its reduced ability to recognize cellular receptors (56.9% of wt hemadsorption activity [ Fig. 2] ). Five other mutated proteins have lower hemadsorption activities yet still promote fusion.
For three of the mutated proteins, N-234->Y, K-236-->E, and K-236--S, reduced fusogenic activity may be related to a slower rate of migration by SDS-PAGE relative to that of wt HN (Fig. 1A) Substitutions for S-237 also result in diminished NA activity but to a lesser extent. Thus, the presence of a serine at this position is apparently less stringently required for NA activity. Unlike S-237, the NA activity of the protein tolerates an A or T substitution for the S at position 239 (Fig. 2) . However, two proteins mutated to I or N at this position were not immunoprecipitated by a mixture of MAbs predominantly specific for conformational epitopes. S-239 may be important for proper folding of the protein in a more global sense.
These findings are consistent with a separation of the NA and receptor recognition sites, in agreement with data from a number of other approaches (11, 24, 29, 31, 35) . There is no direct correlation between the effect of NRKSCS mutations on the relative levels of specific NA activity and hemadsorption. All of the proteins carrying either N-234, R-235, or K-236 mutations have relative hemadsorption activities greater than fivefold higher than their relative specific NA activities (Fig. 2) . In fact, the K-236->E-mutated protein has less than 1% of the wt amount of NA activity yet retains almost 50% of its hemadsorption activity, a more than 50-fold difference in the two relative activities. However, it is still possible that one pocket in the molecule is, indeed, responsible for both attachment and NA activity but that all residues in the pocket are not equivalent with respect to the two functions.
Previously, we have shown that an S-194-->P mutation in a MAb-selected variant of NDV, although reducing NA activity to 17% of that of the wt (15) , had no effect on the induction of fusion from within by the virus (12) . However, another laboratory subsequently reported that NA-deficient, S-194-->P-mutated HN has twice the fusion-promoting activity of wt HN in an HN and F, COS cell transient coexpression system (26) . Our data for the NRKSCS-mutated proteins strongly support our original findings. For example, N-234-*Q-mutated HN promotes syncytium formation slightly less efficiently than wt HN (Fig. 4) , despite having only 2.7% of its specific NA activity (Fig. 2) .
However, three of the mutated HN proteins (N-234->Y, K-236->E, and S-237->T) promote syncytium formation significantly less efficiently than the wt protein, and one (K-236->S) fails to promote the formation of syncytia at all when coexpressed with the F protein in BHK cell monolayers (Fig.  4) . This decreased fusogenic activity is probably not due to a defect in HN's attachment function. K-236-->S-mutated HN retains more than 50% of the wt level of hemadsorption activity.
This suggests that the globular head of the HN spike provides a function, in addition to attachment, that is required for the promotion of cellular fusion. This is consistent with previous results obtained with MAbs that bind to the globular head of the protein (21) and inhibit fusion (14) with no apparent effect on attachment (13) . Previous mutations that had separated these two functions of HN, i.e., attachment and fusion promotion, were not localized to the globular head of the protein (26, 27) .
For three of the four fusion-defective mutants, all except S-237---T, the diminished fusogenic activity correlates with an altered migration rate of the protein by SDS-PAGE (Fig. 1A) and diminished recognition by an MAb that binds at the NA active site (Table 2) . Thus, it appears that the altered fusogenic properties of the mutated proteins stem from a localized change in the conformation of the protein, perhaps one that affects another domain important to the fusion process.
In summary, our findings support earlier predictions, on the basis of homology between HN and influenza virus NA, that the sequence NRKSCS of HN is part of the NA active site in the molecule and suggest that some mutations in the domain may alter the architecture of the site and the local topology of HN, resulting in changes in its antigenic structure and ability to take part in syncytium formation.
